fibers 5 . Thus, viruses that cause encephalitis have evolved access pathways that avoid or fool the BBB. Nevertheless, viruses or bacteria that produce meningitis do reach the meninges from the circulation, as there is no barrier between the blood vessels and the brain coverings.
Gene transfer techniques allow us to modify the genetic makeup of brain cells for therapeutic purposes. Direct injection of viral vectors into the brain has enabled transduction of groups of neurons and astrocytes. Even in cases of diffuse disease, such as Parkinson's disease and Alzheimer's disease, direct delivery of vectors to the striatum, substantia nigra, basal forebrain, subthalamic nucleus and other areas has supported the development of clinical trials using genes encoding various growth factors. Lacking vectors capable of crossing the BBB, researchers have investigated other approaches for achieving widespread transduction, such as convection-enhanced delivery 6 or infection of specific neuronal pathways to distribute therapeutic enzymes globally throughout the brain 7 . Nevertheless, the challenges in targeting large areas of the spinal cord and forebrain remain significant: delivery of vectors through the bloodstream would be the ideal solution.
Past efforts to breach the levees of the brain have used compounds such as bradykinin or nonspecific osmotic opening of the BBB with hyperosmolar mannitol. These techniques are practiced mainly in neuro-oncology to increase the delivery of highly polar chemotherapeutic agents to primary or metastatic brain tumors (such as brain glioblastoma multiforme, primary brain lymphoma or metastatic melanoma to the brain). Although hyperosmotic breaching of the BBB increases entry of viral vectors into the brain 8 , the technique is difficult, cumbersome and risky (as it increases influx of all molecules), and the barrier remains open adoptive transfer of experimental allergic encephalomyelitis. Following immunization against a brain protein, such as myelin basic protein, transfer of the autoreactive T cells to a naive host causes experimental allergic encephalomyelitis in the host with a time course almost indistinguishable from that of immunized animals. This demonstrates that activated T cells can cross the BBB.
Many diseases of the brain could be treated and potentially cured by replacing mutated or missing genes within the affected brain cells. Thus far, experimental and clinical researchers in the field have simply circumvented the BBB by injecting viral vectors directly into the brain and spinal cord. However, direct injections allow transduction of only restricted regions of the brain and require invasive neurosurgery. For gene therapy of diseases that affect large areas of the brain, the preferred approach would be delivery of vectors through systemic administration routes.
Despite considerable efforts to discover viruses or viral gene transfer vectors that cross the BBB, none have yet been identified. In herpes simplex virus (HSV)-1 encephalitis, the virus is thought to enter the brain through the nose, the olfactory bulb and olfactory nerves, a pathway that explains the preference of herpes encephalitis for the limbic system. In the case of HIV encephalitis, the virus enters the brain mainly by hitchhiking across the BBB within infected blood monocytes. Pseudorabies virus can experimentally access the brain from a systemic injection site, such as the heart; the pathway used, however, involves retrograde transport from the peripheral organ to the central nervous system through autonomic nerves 4 . And HSV-1 and HSV-2 infections target the oral or genital mucosae from which the virus enters dorsal root ganglion neurons by retrograde transport through peripheral nerve
The gene therapy field has long awaited a viral vector that targets the central nervous system by crossing the blood-brain barrier (BBB). In a watershed paper in this issue, Kaspar and colleagues 1 show that adenoassociated virus serotype 9 (AAV9) efficiently transduces brain cells located throughout the central nervous system in neonatal mice and, most surprisingly, in adult mice, after intravascular administration. They also provide substantial evidence that AAV9 does so by directly crossing the endothelial BBB. If these results can be reproduced in humans, they may facilitate gene therapy of diseases that affect large areas of the brain, such as motorneuron diseases, Parkinson's disease and Alzheimer's disease.
The BBB constitutes a selective boundary that regulates the entry of ions, large molecules and cells into the brain. It arose early in evolution to maintain brain ionic concentrations between narrow ranges, as early life developed in environments of high salinity 2 . Ions and high-molecular-weight molecules such as antibodies do not readily cross the BBB, whereas nutrients can diffuse across it freely. Certain cells can also cross the BBB, as is seen in infectious or autoimmune brain inflammation. Activated T cells, for example, can cross an intact BBB provided that the specific target antigen for the T cells is present in the brain. Thus, the barrier is not defined exclusively by size or liposolubility, but serves specific functions 3 .
That T cells cross the BBB is not always recognized. The best example of this is in human infants, adolescents and even adults. As with all gene therapies, it will be important to address the potential for insertional oncogenesis 10 and adverse immune responses 11 .
If these challenges can be addressed, this work should have important implications for the treatment of various diseases that affect large areas of the central nervous system. These include amyotrophic lateral sclerosis, which progressively affects all motor neurons of the spinal cord; Parkinson's disease, which affects large areas of the basal ganglia, such as the caudate, putamen, substantia nigra and subthalamic nuclei; and Alzheimer's disease, which affects the whole neocortex, the hippocampus and large subcortical regions. The capacity to transduce all main cell types of the central nervous system in neonates suggests that AAV9 could be used to treat young patients with neuronal diseases, such as the spinal muscular atrophies, the neuronal ceroid lipofuscinoses, Huntington's disease and the spinocerebellar degenerations; diseases that affect the microglia, such as the leukodystrophies (e.g., adrenoleukodystrophy, metachromatic leukodystrophy, Krabbe's disease and Canavan's disease); or diseases that affect astrocytes, such as Alexander's disease. In older patients, transduction of astrocytes could provide growth factors to degenerating neurons, that AAV9 crosses the BBB. To show that neural cells take up AAV9 rather than GFP, the authors elegantly demonstrate expression of AAV9 mRNA within the brain at both ages. To show that intravascular AAV9 does not reach the brain indirectly through peripheral muscle, they inject the virus directly into the muscle and document poor transduction of the central nervous system. The data presented also suggest that some sort of long-range distribution of AAV9 occurs throughout the neuronal arbors after uptake by axon terminals, given that most transduced cells are those with long axons rather than interneurons. Importantly, transduction was stable over the time period examined of up to 7 weeks.
Thus, Kaspar and colleagues 1 have demonstrated for the first time diffuse and efficient transduction of the central nervous system from the systemic circulation by a viral vector carrying a marker transgene. Of course, it remains to be determined whether the BBB in humans will be equally permissive to AAV9. However, similarities in the structure and function of the human BBB suggest that this is likely. Moreover, the human brain at birth is more immature than the rodent brain at birth. Thus, it can be extrapolated that AAV9 may provide reasonable brain transduction of for only a very short time, precluding massive brain transduction. Thus, these methods are not widely used outside clinical neurooncology.
Kaspar and colleagues 1 have now demonstrated that delivery of AAV9 through the systemic circulation leads to widespread transduction of the brain in both neonatal and adult mice. These results are of great significance given the longstanding interest in developing vectors that cross the BBB. The authors show that, in neonates, a single injection of AAV9-green fluorescent protein (GFP) into the bloodstream results in broad transduction of the brain, including the spinal cord, the forebrain and the cerebellum; for example, transduction is observed in ~60% of motor neurons in the spinal cord and of ~65% of Purkinje cells and ~10-20% of neurons in the cortex and hippocampus. In adults, >60% of spinal-cord astrocytes are transduced, in addition to widespread transduction of astrocytes throughout the forebrain. Such strong transduction throughout large areas of the brain is unprecedented; no previous papers have achieved this in the absence of direct brain injections.
The authors find marked differences in the cell types infected in neonatal and adult mice. In neonates, AAV9 primarily transduces neurons and, secondarily, astrocytes and brain microglia. In adults, it transduces almost exclusively astrocytes and brain blood vessels, although some neuronal transduction is also observed. What accounts for these differences? As AAV9 can clearly cross the endothelial cell layer 9 that forms the main component of the BBB at both ages, the most likely explanation is the changing nature of the cells that surround the blood vessels and the changing structure and molecular composition of the brain extracellular space between the two ages (Fig. 1) .
In neonates, after crossing the endothelial barrier, AAV9 encounters a lax extracellular matrix (possibly with reduced levels of heparan sulfate proteoglycans, which inhibit AAV diffusion through the matrix) and can diffuse to enter neuronal axons and dendrites that surround the blood vessels, thereby transducing neurons (Fig. 1) . Astrocytes and microglial cells are also present within the extracellular matrix and become transduced as well. In addition, a high ratio of neurons to glia in the neonatal brain must favor neuronal transduction. In contrast, as AAV9 crosses the endothelial barrier in adult mice, it encounters the tightly knit endothelial wrapping of astrocyte end feet (Fig. 1) . Thus, it transduces mainly astrocytes and endothelial cells. Transduction of perivascular pericytes and macrophages is also likely, although this was not examined in detail.
Several results support the authors' claim 
Adult
Kim Caesar n e w s A n D V I e w s ments not only of proliferation but also of cellular life span and hierarchical relationships. For leukemia patients, these studies established that the vast majority of leukemic blasts were postmitotic and continuously replenished from a small fraction of cells (~5%) that cycled rapidly. Interestingly, they also revealed a rare cellular fraction that remained dormant for weeks to months before beginning to cycle. Two models have been put forward to explain tumor heterogeneity. Although a detailed description of these models is beyond this commentary, they have been widely reviewed and their basic elements are shown in Figure 1  (ref. 2) . The stochastic model argues that tumors are biologically homogeneous. Any functional heterogeneity is due to random or stochastic influences that alter the behavior of individual cells in the tumor. These influences can be intrinsic (e.g., levels of transcription factors, signaling pathways) or extrinsic (e.g., host factors, microenvironment, immune response). By contrast, the hierarchy model argues that tumors are caricatures of normal tissues such as skin, colon and blood, many of which are cellular hierarchies maintained by stem cells. In this model, cellular heterogeneity is due to the hierarchy that emanates from a class of cells at the apex, biologically distinct from the rest of hierarchy, that possesses self-renewal capacity and can be thought of as CSCs.
Although the stochastic model can accommodate the existence of 'functional CSCs'-cells that behave as CSCs-the essential difference from the hierarchy model is that every tumor cell is thought to have the potential to behave like a CSC given the right influences. If the developmental rigidity implicit in the hierarchy model is correct, it should be possible to fractionate a tumor into fractions devoid of CSCs and other fractions highly enriched for CSCs. If the stochastic model is correct, a tumor cannot be cleanly fractionated because all tumor cells have the same potential to initiate tumors. The challenge is devising a tumor-initiation assay that can correctly score the potential of a cell to be a CSC; if some cells revealed their intrinsic CSC potential only under special microenvironmental conditions not provided by the assay, they would be falsely scored as negative.
For human cancers, investigation of CSCs requires the use of xenotransplant systems. These have evolved greatly beyond the original nude mouse model and now include recipients with more profound defects in adaptive immunity (deficient in T cells and B cells) and, more recently, with defects in innate immunity (deficient in natural killer cells and macrophages). Quintana et al. 1 first transplanted human high-grade melanoma cells (a highly aggressive tumor) into nonobese diabetic/severe combined after traversing the Rubicon into Italy, "Alea iacta est" (the die is cast).
as occurs in Parkinson's disease, Alzheimer's disease and amyotrophic lateral sclerosis.
In summary, this study has opened up the exploration of gene therapies that require the transduction of large and diffuse areas of the central nervous system. Having crossed the Rubicon, we now look forward to the next challenges. These include determining whether AAV9 crosses the human BBB, reducing transduction of peripheral organs, targeting AAV9 to subsets of neuronal and glial populations and demonstrating reversion of various brain diseases. Whatever this future research reveals, the work of Kaspar and colleagues 1 has crossed an important threshold. In the words of Julius Caesar, The idea that many cancers are organized as hierarchies sustained by cancer stem cells (CSCs) at their apex has generated almost breathless excitement in many quarters of the cancer research community. Hardly a week goes by without a CSC spotting in yet another cancer or an assertion that CSCs are responsible for a particular treatment failure. In the rush to jump on the CSC bandwagon, many have lost sight of the historical development of this field and the fundamental stem cell principles that should underpin experimental strategies. A recent report in Nature from Quintana et al. 1 provides a jarring caution to uncritical acceptance of the CSC hypothesis as universal for all tumors. These authors demonstrate that the original observation of the rarity of CSCs in melanoma (on the order of 1 in 10 5 cells) was an artifact of the xenotransplant tumor-initiation assay, caused by residual innate immunity of the recipient mouse. When a more profoundly immune-deficient recipient was used, 15-25% of the tumor cells exhibited CSC activity, a frequency that argues against any meaningful hierarchical organization in human melanoma and raises the question of whether CSCs exist for this tumor type.
To place the report by Quintana et al. 1 into context, one must understand why the CSC hypothesis was first proposed many decades ago 2 . Since the beginning of the era inaugurated by the great experimental pathologists, microscopic examination has revealed that many tumors, be they liquid or solid, exhibit morphologic heterogeneity. Tumors are also heterogeneous functionally, as demonstrated most dramatically by studies in which murine or human tumors were re-transplanted into syngeneic or xenogeneic immune-compromised recipients. Remarkably, such experiments have also included human autotransplants. The collective conclusion from these studies was that tumor re-initiation is variable and often rare, requiring 10 3 to 10 7 cells.
These observations of cellular heterogeneity, together with the finding that malignant teratocarcinoma tumors contain highly tumorigenic cells as well as nontumorigenic cells that are differentiated progeny of the tumorigenic cells, led to the idea that tumors are caricatures of normal development with a hierarchical organization. In my mind, the strongest evidence of tumor heterogeneity to date has come from cellular radiolabeling with tritiated thymidine in human cancer patients, which enabled precise measure-
